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Early efforts toward human cancer im-
munotherapy were hindered by the

absence of identified antigens to target by
vaccination or cell therapy. In the past
decade, studies examining CD81 and
CD41 T cell responses to melanoma and
other tumors have uncovered several
classes of proteins that give rise to pep-
tides presented by MHC molecules. These
include (i) differentiation antigens ex-
pressed in the tumor and its normal tissue
counterpart e.g., tyrosinase; (ii) cancer-
testes antigens expressed in the testes and
a variety of malignancies e.g., MAGE-1;
and (iii) tumor-specific antigens that arise
from mutations in tumor cells e.g., CDK-4
(1–4). The observation that autoimmune
depigmentation of the skin (vitiligo) de-
veloped in some melanoma patients with
tumor regression after IL-2 therapy pro-
vided optimism that antigens derived from
self-proteins might have utility as targets
for immunotherapy (5). Animal model
studies demonstrated that T cell immunity
could be elicited to tissue-specific self-
proteins and promote tumor regression
without severe auto-
immune injury and
provided rationale
for clinical vaccine
trials targeting self-
proteins (6 –9).
However, with a few
exceptions the re-
sults of vaccination
for human malig-
nancy have been dis-
appointing (10–13).
It appears the prob-
lem is caused by
central and peripheral tolerance mecha-
nisms that limit the repertoire of self-
reactive T cells to those of low avidity to
prevent autoimmunity, making it difficult
to elicit a T cell response sufficient to
eradicate tumor (14–16). Recent studies
have suggested that the balance between
immunity and tolerance is regulated at the
immunologic synapse between T cells and
specialized bone marrow-derived den-
dritic cells (DC) that present antigens to T
cells (17–19). In a recent issue of PNAS,
Fong et al. (20) provide evidence that a

key to inducing tumor immunity may lie at
this interface. The investigators target car-
cinoembryonic antigen (CEA), a glyco-
protein expressed in normal gastrointes-
tinal (GI) and genitourinary epithelial
cells and in most adenocarcinomas of GI
origin, 50% of breast cancers, and 70% of
non-small-cell lung cancer (21). They
demonstrate that vaccination of patients
with DC displaying a CEA peptide altered
to promote more efficient engagement of
T cell receptors elicited high levels of
CD81 cytotoxic T cells (CTL) specific for
native CEA. Remarkably, the induction of
CTL was associated with tumor regression
in some patients with advanced cancer
without autoimmunity (20).

The activation and differentiation of
tumor-reactive T cells by vaccination has
centered on manipulating two variables,
the antigen-presenting cell (APC) and
antigen. DC are specialized APCs stra-
tegically located in tissues where in their
immature form they are proficient at
capturing and processing antigen (22). DC
maturation is induced by pathogens or

inf lammatory media-
tors and is character-
ized by expression
of CCR-7, which
promotes trafficking to
T cell zones of second-
ary lymphoid organs,
and up-regulation of
MHC, costimulatory,
and adhesion mole-
cules, which collec-
tively permit the for-
mation of a synapse
with naı̈ve T cells ex-

pressing a T cell receptor of sufficient
avidity (22–24). In animal models, inocu-
lation of DC pulsed with peptides, trans-
fected with RNA- or DNA-encoding
tumor antigens, or fused to tumor cells
induces tumor-specific immunity (25).
Thus, DC have been viewed as the vaccine
vehicle of choice for overcoming tolerance
to self-antigens.

An obstacle for human studies is ob-
taining sufficient cells for vaccination
because DC comprise ,1% of leuko-
cytes in the blood (22). One approach is

to administer Flt-3 ligand (Flt3-L), which
activates the Flt-3 receptor tyrosine ki-
nase and serves as a growth and differ-
entiation factor for hematopoietic pro-
genitors and expands DC in vivo (26). In
normal mice, administration of Flt-3L
increased both myeloid and lymphoid
DC subsets in blood, lymph nodes, and
spleen (27). In mice bearing an immu-
nogenic MCA sarcoma, Flt-3L caused
infiltration of DC into the tumor and
tumor regression mediated by CD81

CTL (28). Administration of Flt-3L to
normal individuals and patients with
cancer also increased DC numbers in the
blood and infiltration of DC into tumor
metastases but did not cause tumor re-
gression (29, 30). Fong et al. (20) show
that administration of Flt-3L can facili-
tate procurement of DC to permit eval-
uation of larger cell doses in vaccine
studies. The yield of DC obtained by
leukapheresis was increased by .60-fold
after Flt-3L administration, and with
brief in vitro culture the mobilized DC
up-regulated expression of CD80, CD83,
CD86, MHC, and CCR-7 molecules
consistent with acquisition of a mature
phenotype (20).

Flt-3L assists in obtaining APCs for
vaccination but the formidable task is to
display tumor-associated self-antigen in a
form that is effective for inducing T cell
responses. Insight into how this might be
accomplished can be derived from the
observation that the quality and duration
of T cell receptor signaling at the synapse
between DC and T cell influences T cell
activation (31). It follows that the ability of
a peptide antigen to elicit responses will be
related to its affinity for the MHC mole-
cule, determined by the presence of fa-
vored amino acids at critical anchor posi-
tions involved in MHC binding and by the
affinity of the MHC-peptide complex for
the T cell receptor. Thus, altered peptide
ligands containing amino acid substitu-
tions at residues that anchor the peptide in
the MHC binding groove or contact the T
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cell receptor can inhibit or enhance T cell
signaling (Fig. 1) (31–34). The relevance
for vaccination was demonstrated in mu-
rine tumor models and patients with mel-
anoma in which peptides modified at
MHC anchor residues were shown to
elicit superior T cell responses to the
original unmodified antigen (13, 35).
Similarly, vaccination with an altered
peptide for a class I-restricted murine
tumor antigen that increased the stability
of the interaction between MHC-peptide
complex and the T cell receptor also
enhanced T cell responses and tumor
protection when compared with the nat-
ural epitope (36).

In the study by Fong et al. (20), this
principle that peptides modified in T cell
receptor contact residues can enhance
immunogenicity and break tolerance to a
self-protein is extended to a candidate
human tumor antigen, CEA. Previous

trials using recombinant viruses encod-
ing CEA to vaccinate patients elicited a
low frequency of CTL specific for a
nonamer CEA peptide (CAP1) pre-
sented by HLA A2 (37). Subsequently,
DC pulsed with CAP1 was used as a
vaccine but failed to induce clinical re-
sponses in patients with CEA-positive
malignancy (38). CAP1 contains pre-
ferred amino acids at anchor positions
and binds HLA A2 with high affinity,
suggesting alterations to promote MHC
binding would not improve immunoge-
nicity. However, an altered CAP1 ligand
(CAP1–6D) containing aspartic acid in
place of asparagine at position 6, which is
predicted by crystallographic data to
protrude toward the T cell receptor, was
more effective than CAP1 for eliciting
tumor-reactive CD81 CTL in vitro and
stimulated greater phosphorylation of
the T cell receptor z chain and ZAP-70

(39). Fong et al. (20) now show that
vaccination of cancer patients with DC
pulsed with CAP1–6D and a keyhole
limpet hemocyanin antigen to provide T
cell help induced CD81 CTL that lyse
CEA-expressing tumor cells. In five pa-
tients, the magnitude of CTL responses
achieved with vaccination was substan-
tial, exceeding 1% of CD81 T cells in the
blood as measured by staining with a
CAP1 or CAP1–6D tetramer. These tet-
ramer-positive cells exhibited a
CD45RA1, CD441, CD272, and CCR72

phenotype consistent with differentia-
tion to effector T cells.

The striking and hopeful finding in the
study by Fong et al. (20) was the regres-
sion of metastatic colon cancer in two of
the 12 vaccinated patients. One addi-
tional patient had a mixed response and
two others had stable disease. These
clinical responses correlated with in-
creases in tetramer-positive T cells, im-
plicating CD81 CTL in tumor regression.
Colon cancer has not been considered
responsive to immunotherapy, and these
results are dramatic in view of the ad-
vanced stage of the tumors. To build on
these results it will be important to dis-
cern the contribution to antitumor activ-
ity provided by each of the components
of the regimen, which included Flt-3L,
DC, altered peptide ligand, and the key-
hole limpet hemocyanin helper antigen.
Obstacles to tumor eradication identi-
fied in prior studies may emerge, includ-
ing outgrowth of antigen loss variants
(40), failure of T cells to infiltrate tumor
masses (41), anergy or deletion of reac-
tive T cells (42, 43), and autoimmunity if
the self-reactive T cell response elicited
by vaccination is too vigorous (44, 45).
Nevertheless, these provocative findings
provide optimism that other interven-
tions at the DC:T cell interface such as
augmenting costimulation or reducing
inhibitory signals may have utility for
human cancer vaccines (46, 47).
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affinity of the interaction and promotes signaling and T cell activation. The result is expansion of
self-reactive T cells and differentiation to effector cells that have a lower threshold for activation and
recognize tumor cells expressing the native self-peptide.
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